In this issue of Cell, Coppens and coworkers (Coppens et al., 2006) describe how Toxoplasma gondii, an obligate intracellular parasite, feeds on the host. Coppens et al. provide evidence that the parasite takes host cell endosomes and lysosomes hostage by sequestering them where the parasite resides, within invaginations of the parasitophorous vacuole.
for JNK's death-promoting activity, as part of its cargo-carrying function (Hirokawa and Takemura, 2005) . KIF4 conceivably could compete with JIP for JNK binding, preventing JIP from activating JNK.
An important message from this study is that distinct signaling pathways exist for neuronal activity- and trophic factor-dependent survival in developing CNS neurons. PARP-1 inhibition did not suppress neuronal survival mediated by trophic factors, suggesting that although PARP-1 activity is enhanced by neurotrophic factors (Visochek et al., 2005) , PARP-1 prosurvival pathways are not essential for survival of the neurons examined here. Previous studies have shown that trophic factors and electrical activity do share some important neuronal survival signaling pathways such as the PI3-kinase-Akt/PKB pathway, which suppresses the expression and activity of the BH3 family cell death proteins Bim, BAX, and BAD, and the MAP kinase/p38 pathways, which enhance the activities of the prosurvival proteins CREB, MEF2, and Bcl-2 (West et al., 2002) . In addition to Akt and MAP kinase, trophic factors may independently mediate their effects through distinctive signaling pathways, such as those that enhance the expression or activity of the major cell survival protein DeltaNp73 and the endogenous caspase inhibitor XIAP and that suppress the activities of the important cell death proteins TAp63 and JNK (Jacobs et al., 2004) . How these trophic factor and activitydependent signaling pathways are integrated to control neuronal survival and apoptosis will ultimately determine the balance between life and death in the developing and injured nervous system. The identification of KIF4 and PARP-1 as new components of an activity-dependent survival signaling pathway fills in an important gap in our understanding of this delicate balancing act. Toxoplasma gondii, as well as other apicomplexan parasites, does not rely on existing entry routes but instead forces its way in, using the power of its own gliding motility. This parasite can infect most warmblooded animals and nucleated cells and is responsible for one of the most common parasitic infection in humans, which leads to severe disease in immunocompromised individuals and in congenitally infected neonates (Soldati et al., 2004) . When T. gondii makes its way into the cell, a ring-shaped moving junction forms at the contact site between the parasite and the host cell plasma membrane. This junction moves from the anterior to the posterior end of the parasite and is thought to prevent integral plasma-membrane proteins from incorporating into the nascent parasitophorous vacuole. The exclusion of host membrane proteins is likely to account, at least in part, for the nonfusogenic nature of the parasitophorous vacuole. Indeed, whereas more conventional phagosomes interact sequentially with different compartments of the endocytic pathway, the parasitophorous vacuole of T. gondii remains segregated from endocytic organelles and thus maintains a neutral pH. However, because T. gondii is an obligate intracellular parasite and because it is not in the cytoplasm, the open question has been, how does the parasite gain access to the food and metabolite stores of the cell? T. gondii acquires metabolites by transport or diffusion across the membrane of the parasitophorous vacuole, which functions as a molecular sieve, whereas some lipids might be obtained through intimate interactions with the host endoplasmic reticulum and mitochondria (Roy et al., 2006) . In addition, T. gondii remodels the membrane of the parasitophorous vacuole and induces the formation of a tubulo-vesicular network within it (Mercier et al., 2005) . The function of this network is not known, but it is believed to favor host-parasite metabolite exchange, perhaps via direct contacts with the membrane of the parasitophorous vacuole.
However, T gondii is auxotrophic for low-density lipoprotein (LDL) derived cholesterol, which enters cells via the endocytic pathway. Thus, communication between the pathogen and the host endosomes and lysosomes must take place at some point (Coppens et al., 2000) . In this issue of Cell, Coppens and collaborators report a new mechanism used by T. gondii to feed on the host-observations that are likely to cause a heated debate in the field. In a frightening, X-Files-like scenario, the parasite seems to have developed the capacity to take endosomes and lysosomes hostage within invaginations of the parasitophorous vacuole, which the authors have termed H.O.S.T., for Host OrganelleSequestering Tubulo-structures. In this model, cholesterol and other key molecules released by these intact organelles would then be taken up by the parasitophorous vacuole. Initially, the authors noticed that, in infected cells, acidic organelles concentrated around the parasitophorous vacuole in the perinuclear region. Consistent with their endo-lysosomal nature, these organelles are rich in cholesterol and contain endocytosed LDL as well as Lamp1-one of the major glycoproteins of late endosomes and lysosomes. Concomitant with the redistribution of endocytic organelles, the position of the microtubule-organizing center and the organization of microtubules are changed. Analysis by high-resolution electron microscopy revealed the existence of deep invaginations of the membrane of the parasitophorous vacuole (hereafter referred to as HOST), each containing one host microtubule. Interestingly, these invaginations engulf membrane bound structures, which were identified as endosomes using endosomal reporters such as internalized LDLgold or transferrin. However, free gold particles were never detected in the lumen of the parasitophorous vacuole, indicating that no fusion occurred between it and host endosomes. In contrast, gold particles were readily detected in the parasitophorous vacuole of Leishmania amazonensis, a parasite that resides in a phagosomal compartment that fuses with endocytic organelles (Russell, 1995) .
The capacity of endosomes to move on microtubules appears necessary for their localization to HOST. Indeed, LDL-gold-containing endosomes were not observed within HOST of cells with altered endosome motility, such as in Nieman-Pick type C cells that have a cholesterol-storage disorder (Gruenberg, 2003) . Because these entrapped endocytic vesicles always either were bound to the central microtubule or accumulated at the distal end of the invaginations, the authors propose that host cell endo-lysosomes are transported on microtubules into HOST.
How HOST form remains to be established. Although factors of the target cell, and in particular microtubules, might be required, the parasite also seems to play an active role. This is suggested by the observation that when T. gondii is killed by drug treatment, organelle-containing HOST are no longer observed. Also, at high magnification, the authors observed on the luminal side of the parasitophorous vacuole the presence of transverse coated striations, 20-25 nm thick, along the HOST length. These striations are reminiscent of dynamin collars found in higher eukaryotes, but, unlike dynamin, they do not seem to cause constrictions of the membrane around HOST. The authors propose that parasite GRA proteins, and more specifically GRA7, are involved in the formation of these striations. GRA proteins are abundant in the parasite-dense granules, which are specialized secretory organelles. In this way, GRA proteins are secreted in large quantities into the space surrounding the parasite or targeted to the tubulo-vesicular network or membrane of the parasitophorous vacuole. They found that factors secreted by the parasite induce tubulation of liposomes in vitro that resemble those generated by mammalian endophilin (Farsad et al., 2001) . Further immunodepletion experiments showed that all GRA proteins (GRA2 to GRA9) with the exception of GRA7 are dispensable for tubulation activity. GRA7 has a putative hydrophobic transmembrane domain but has no homology to characterized tubulogenic proteins and does not contain any known lipid binding domains. GRA7 prefers to interact with negatively charged phospholipids and is able to form high-molecular-weight complexes, supporting the notion that it could form a striated coat. It will be of interest to understand how this protein, like other proteins secreted by T. gondii, remains soluble within the dense granules and how it associates with membranes and triggers tubulation upon secretion. Although the direct involvement of GRA7 in HOST formation remains to be established, Coppens et al. (2006) show that, under serum depravation, the growth of GRA7 knockout parasites is slowed down as compared to wild-type parasites and that the mutant parasites show a dramatic vacuolization and loss of organelles.
As is frequently the case with new and exciting findings, this study raises many questions. In particular, why were HOST structures not seen previously, despite numerous analyses using electron microscopy? Such a question is not easily answered, and future work will be necessary to determine whether HOST formation can be generalized to other cell types-in particular, in T. gondiiinfected tissues-and whether these structures are necessary for parasite survival in the context of entire organisms. Although HOST-like structures have not been reported previously, the existence of an elaborate system of thin tubules called the tubulovesicular network, which accumulates in the parasitophorous vacuole, has been extensively documented. This system is reminiscent of the membrane network observed in the cytoplasm of erythrocytes infected with another apicomplexan parasite, Plasmodium falciparum (although inverted in terms of topology) (Mercier et al., 2005) . Although T. gondii HOST and the tubulo-vesicular network apparently differ in appearance, origin, content, and function, both have similar diameters (60-90 nm for the tubulo-vesicular network compared to 95-115 nm for coated HOST) and are labeled by antibodies against GRA proteins . Coppens et al. (2006) speculate that the HOST membrane might originate from the tubulo-vesicular network. Fusion of tubules in the tubulo-vesicular network with the membrane of the parasitophorous vacuole may provide the lipids necessary for HOST formation. A better understanding of the roles of both the tubulo-vesicular network and HOST and the relationship between them will presumably come from the characterization of the molecular mechanisms that drive the biogenesis of either membranous structure and of the precise role of GRA proteins in those processes. GRA7 has the striking ability to deform bilayers and cause membrane tubulation, similar to scaffolding proteins and proteins that can partially insert into membranes (McMahon and Gallop, 2005) . It is intriguing that GRA7 leads to selective coat polymerization, tubule stabilization, and garroting of HOST but apparently not of tubules in the tubulo-vesicular network-particularly so if HOST membranes originate from membranes of the tubulo-vesicular network.
Even more intriguing is the role of host microtubules in the formation of HOST. The authors hypothesize that the initial invagination step is driven by microtubule polymerization against the cytoplasmic face of the membrane of the parasitophorous vacuole. Many pathogenic organisms, such as Listeria monocytogenes, use polymerization of cytoskeletal elements but do so to propel themselves through the cytoplasm and into neighboring cells. Thus, the proposal that microtubules lead to membrane deformation, and not movement, is rather unconventional and interesting. The generation of a mechanical force would require anchoring-and stabilization-of the growing microtubule at the site of contact. Also, it will be interesting to identify the signal, perhaps GRA7 dependent, which positions the site of microtubule anchoring and possibly triggers polymerization. HOST formation, which involves invagination away from the cytosol, is reminiscent of the biogenesis of multivesicular endosomes, in which ubiquitinated signaling receptors that are destined for degradation are incorporated into intraluminal vesicles. This process depends on phosphatidylinositol 3-phosphate and the sequential action of protein machineries, in particular the Hrs and ESCRT complexes (Hurley and Emr, 2006) . Could it be that T. gondii misuses some of these components to facilitate HOST formation as does HIV during the topologically identical process of virus budding at the plasma membrane? Finally, future work may determine whether the translocation of endosomes and lysosomes along HOST-enclosed microtubules is signal mediated or is strictly stochastic and whether cells eventually become depleted of endosomes and lysosomes, having lost these organelles to the parasite.
